Abstract. Clouds play a crucial role in Earth's radiative budget, yet their climate feedbacks are poorly understood. The advent of space-borne high resolution spectrometers probing the O 2 A band, like GOSAT and OCO-2, could make it possible to simultaneously retrieve vertically resolved cloud parameters that play a vital role in Earth's radiative budget, thereby allowing a reduction of the corresponding uncertainty due to clouds. Such retrievals would also facilitate air mass bias reduction in corresponding measurements of CO 2 columns.
Introduction
In the context of satellite-based remote sensing, the O 2 A band has long been regarded a rich source of information on the vertical structure of scattering in Earth's atmosphere (Fischer and Grassl, 1991; O'Brien and Mitchell, 1992; Pfeilsticker et al., 1998; Heidinger and Stephens, 2000; Koelemeijer et al., 2001; Van Diedenhoven et al., 2007) . The O 2 A band consists of lines of absorption that span a range of optical thickness covering several orders of magnitude in Earth's atmosphere. Strongly absorbing lines cause rapid extinction of light and shorter atmospheric path lengths, whereas weaker lines are associated with longer path lengths. Since the O 2 mixing ratio can be assumed constant for remote sensing purposes, it makes absorption due to O 2 at different wavelengths in the A band a good proxy for the geometric depth within the atmosphere to which most of the incident light could penetrate before being either scattered or getting absorbed.
In addition to the influence of atmospheric absorption, the scattered light is also affected by the properties of the scattering medium. In the case of liquid water clouds, the Stokes vector of the scattered light in an absorbing atmosphere is a function of cloud optical thickness, cloud top height and the size of its constituent droplets (Kokhanovsky, 2006) . Cloud microphysics is critical to understanding the hydrological cycle (Chahine, 1992; Fowler et al., 1996; Baker, 1997) . Droplet size affects cloud brightness (Lohmann and Feichter, 1997; Peng and Lohmann, 2003; Lohmann et al., 2007) , thus affecting its ability to reflect back incident solar irradiation. Cloud height also impacts the nature of its radiative feedback (Stephens and Platt, 1987; Slingo and Slingo, 1988; Slingo, 1990; Stephens et al., 2002; Stephens, 2005) . The determination of cloud microphysics generally involves the use of thermal infrared and microwave measurements in addition to those in the visible and near infrared ranges (Nakajima and King, 1990; Nakajima et al., 1991; Nakajima and Nakajma, 1995; Platnick and Valero, 1995) . Attempts to determine the height of clouds generally involve strong absorption bands (Kuze and Chance, 1994; Sanghavi et al., 2012) or lidar techniques (Dessler et al., 2006; Sassen et al., 2008) . The main goal of this work is to examine the cloud information content of the A band using simple simulations, by taking into account not only the intensity but also the polarization of the scattered radiation. The effect of potential multi-angular measurements on the determination of cloud droplet size is also probed.
Given that the O 2 A band is peculiar in that it displays a sensitivity to scattering at different depths of the atmosphere by virtue of several lines of varying absorption strengths, we first examine the effect of column absorption strength in Sect. 2 and the microphysics of the scattering cloud in Sect. 3. In Sect. 4, the behavior of the scattered intensity as well as the degree of polarization in response to changes in cloud height (Sect. 4.2), cloud droplet size (Sect. 4.3) and cloud optical thickness (Sect. 4.1) is examined using simulated measurements. In addition to the influence of cloud height, the effect of cloud geometric thickness is also investigated in Sect. 4.2.1. Also, the gain in information on droplet size using multi-angle polarized measurements is studied in Sect. 4.3.1. Section 5 identifies characteristic differences in the sensitivity of the O 2 A band to different cloud parameters, which can be used in an optimized inversion setup to retrieve them simultaneously.
The relevance of our findings to observations made by the GOSAT (Greenhouse gases Observing SATellite; Hamazaki et al., 2005; Kuze et al., 2009 ) instrument and the recently launched OCO-2 (Orbiting Carbon Observatory-2; Crisp et al., 2004; Pollock et al., 2010) instrument has been pointed out in our concluding remarks in Sect. 6, in view of the fact that both instruments provide hyperspectral measurements of the O 2 A band, with a spectral resolution of about 0.04 nm, in addition to measurements of the weak and strong CO 2 bands centered around 1.6 and 2.06 nm, respectively. Polarization is included in both instruments, albeit only in the form of I h = 1 2 (I + Q) in the case of OCO-2, while GOSAT measures two orthogonal components, I P and I S , each being a view geometry-dependent linear combination of the elements of the Stokes vector of the measured signal (O'Brien et al., 2013) . The ability for multi-angle measurements is available to a limited extent in both instruments: GOSAT provides a range of view angles due to its pointing mechanism which covers ±35 • across track and ±20 • along track, while OCO-2 periodically employs its target mode, during which it is expected to lock its view onto a specific surface location and retain that view while flying overhead. Over the 9 min time period of a target track pass, OCO-2 can acquire up to 12 960 measurements at local zenith angles that vary between 0 and ±85 • , thus providing a good angular coverage over the ground pixel. (Note: in the target mode, OCO-2 measurements are no longer limited to the principal plane, and are thus a linear combination of the Stokes components I , Q and U , where the coefficients for each component are given by a Mueller matrix whose elements depend on the angle between the slit and the principal plane.) While it is clear that OCO-2/GOSAT may not match the full capabilities of dedicated instruments like CloudSat (Stephens et al., 2008) , MODIS (Moderate Resolution Imaging Spectroradiometer; Ackerman et al., 2008) , AVHRR (Advanced Very High Resolution Radiometer; Key and Barry, 1989) , MERIS (MEdium Resolution Imaging Spectrometer; Gómez-Chova et al., 2006) , etc., the high spectral resolution of the O 2 A band does provide the benefit of unprecedented vertical resolution combined with sensitivity to particle size because of the large spectral range covered. Exploring the information content of these measurements to cloud retrievals also opens the possibility of synergistic retrievals with other instruments.
The following section starts with an examination of the vertical sensitivity to the column absorption strength of the atmosphere within the O 2 A band.
Vertical sensitivity of the O A band
The absorption cross section, σ abs , of O 2 at a given wavelength λ varies with height z as a function of pressure and temperature. Using climatological temperature and pressure profiles of a mid-latitude summer and line parameters from the HITRAN (High Resolution Transmission) 2008 database (Rothman et al., 2009) , we obtain total column optical thicknesses in the O 2 A band (plotted along the right ordinate of Fig. 1 at a spectral resolution of 0.005 nm). For the purpose of this sensitivity study, the HITRAN database and a Voigt line shape are sufficient, but line-mixing effects have to be taken into consideration for retrievals with real data (Tran and Hartmann, 2008) . Furthermore, the Rayleigh optical thickness has been assumed to be fixed throughout the O 2 A band at its value at 760 nm.
To determine the response of the individual lines to the depth of scattering of solar irradiation, we assume a white laminar plate (WLP) of infinite horizontal extent featuring Lambertian reflectance (plane albedo ω 0 = 1) at a height z above the ground surface. For a wavelength λ, the response, s WLP (λ, z), to scattering at this plate is proportional to the amount of light transmitted to the plate (assuming no significant scattering above the surface):
where
µ 0 and µ represent the cosines of the solar and view zenith angles, and τ λ (z) represents the optical thickness of absorption above the WLP. With a constant of proportionality 1 π
given by the conservation of flux, we get a response,
for the geometry under consideration. Neglecting for simplicity the variation of the absorption cross section σ abs (λ) with height, the exponentially decreasing vertical profile of O 2 allows us to use the following relation for the absorption optical depth of O 2 at an atmospheric level z:
where τ abs,0 (λ) is the total column optical depth of absorption due to O 2 at wavelength λ and H ≈ 8 km is the scale height. Substituting Eq. (4) in Eq. (3), and expressing the optical depth as a function of wavelength, λ, yields the response at λ of light reflected at height z in the atmosphere:
where the second line expresses s WLP as a function of z and τ abs,0 , with an implicit dependence on λ through the latter. This bivariate sensitivity to z and τ abs,0 is depicted along the z axis of Fig. 2 for a nadir-viewing geometry with the Sun at zenith (µ 0 = µ = 1), as a function of height along the x axis and atmospheric absorption along the y axis. The topof-atmosphere (TOA) can be defined as the height above the surface where the molecular concentration becomes negligible (and thus τ abs (λ) → 0 for all λ). Thus, Eq. (3) yields the response s WLP → 1/π for all τ abs,0 at z →TOA and for all z at τ abs,0 → 0. Thus, it is evident that the non-absorbing atmosphere is equally sensitive at all heights, since atmospheric scattering has been assumed negligible. (This assumption can be expected to approximate the sensitivity of a Rayleigh scattering atmosphere in the O 2 A band due to the low optical thickness of Rayleigh scattering in this spectral region: τ Rayl (765 nm) = 2.5433 × 10 −2 (Bodhaine et al., 1999) .) With increasing absorption, however, the reflected light shows increasingly lower sensitivity to layers closer to the surface. Thus, at τ abs,0 ≈ 40, there is practically no sensitivity to reflection at levels as high as 20-25 km above the surface. Atmospheric level at which sWLP(z, τabs,0) = 0.1 · sWLP(TOA) Figure 1 . The atmospheric height (red) above the surface at which the reflectance is expected to be reduced to s WLP = 0.032 or about 10 % of the sensitivity at the top of atmosphere (TOA). Negative heights are unphysical (below the surface) and indicate that all atmospheric levels above the surface are more sensitive than s = 0.032. This height is directly proportional to the logarithm of the total absorption optical thickness, shown along the right ordinate.
By setting a cutoff at s c WLP , it is possible to estimate the minimum height z min up to which the atmosphere is sensitive to reflection at a given wavelength λ. Setting s WLP = s c WLP in Eq. (5) and rearranging the terms yields . This is illustrated by Fig. 1 , which shows z min on the left over the A band for a cutoff sensitivity of about 10 % of s WLP (TOA) at s c WLP = 0.1/π , with the corresponding value of log(τ abs,0 ) shown along the right ordinate. It can be verified that both ordinate scales in the figure are linear, as required by Eq. (6). The geometry assumed is the same as for Fig. 2 , viz., µ 0 = µ = 1. Negative values of z min indicate that the entire atmospheric column is more sensitive to reflectance than s c WLP . Equation (6) shows that this occurs when the column absorption falls below the following critical value:
Thus, for the geometry µ 0 = µ = 1, the entire atmospheric column has sensitivity s > 0.1 · s TOA to reflectance when the column optical thickness is less than a critical value of τ c abs,0 ≈ 1.15 or log(τ c abs,0 ) = 0.141, corresponding to z min = 0 as can be seen in The differential sensitivities to z of absorption lines measurably affect the spectral signature of backscattered light and thus contribute substantially to the information content of the O 2 A band on the vertical distribution of scattering species like clouds and aerosol. In the extreme limit, strongly absorbing lines such as those near 760.885 nm (τ abs,0 (760.885 nm) = 386.48) and 760.445 nm (τ abs,0 (760.445 nm) = 322.92) are saturated long before the light can penetrate the atmosphere to levels where clouds or aerosols can be expected, rendering them practically useless for the purpose of providing vertical information. Thus, the R branch of the O 2 A band (centered roughly around 761 nm), which is much more densely populated by strong absorption lines than the P branch (centered around ≈ 764 nm), exhibits comparatively reduced sensitivity to lower atmospheric scattering heights.
The above discussion assumed a white Lambertian reflecting surface at a given atmospheric level. While this allows us to study the nature of the individual lines constituting the O 2 A band, it does not suffice to describe backscattering by atmospheric clouds, which have to be represented by a vertical distribution (ignoring variations in the two horizontal dimensions) and as a distribution of differently sized droplets. In the following section, we explore the scattering characteristics of a water cloud as a function of the size of its constituent droplets.
Dependence of the scattering properties of clouds on droplet size
The Mie theory (van de Hulst, 1957; Deirmendjian, 1969; Wiscombe, 1980; Bohren and Huffman, 1983) allows us to determine the dependence of the single scattering properties of a scattering particle as a function of size. The extinction efficiency κ approaches the asymptotic value of 2 as x → ∞. Thus, for larger droplets typical of clouds, the extinction cross section is approximately C ext = 2π r 2 . The single scattering albedo of a given droplet varies only very slightly beyond x = 50-100. Thus, for a droplet of size r, the single scattering albedo is practically constant for all wavelengths smaller than λ ≈ 2πr 75 , which is reflected in the white appearance of clouds.
We have considered pure water clouds (n = 1.33 − 0.0ı) consisting of droplets represented by lognormal size distributions of width σ 0 = 1.13 (chosen to comply roughly with the findings of Nakajima et al. (2010); Mayer et al. (2004) ; Stephens and Platt (1987) ; Stephens (1978) ) around five different median radii, r 0 = 5, 7.5, 10, 12.5 and 15 nm, as shown in the top panel of Fig. 3 . The lognormal distribution is defined in terms of the probability ρ(r)dr of finding a droplet in the size interval [r, r + dr] such that
An assumption of a constant cloud optical thickness τ = N (r 0 )C ext (r 0 ) z within the same geometric thickness, z, leads to an inverse relation between the number density N (r 0 ) and the extinction cross section C ext (r 0 ) as shown in the bottom panel of Fig. 3 . Thus, the choice of a homogenous pure cloud of constant optical thickness eliminates any size dependence of the scattered light due to C ext or ω 0 . The only property determining the scattering of light as a function of size is thus reduced to the phase matrix P(θ scatt ). Fig. 4 shows the phase functions P v (θ scatt ) and P h (θ scatt ) governing the scattering of the orthogonal components I v = 1 2 (I −Q) and I h = 1 2 (I +Q) of the modified Stokes vector, respectively. The features of the phase matrix are most evident in the component of scattered light that has undergone only one scattering event (the single-scatter component). This is true both for the polarization as well as the angular dependence of the scattered light. As the order of scattering increases due to multiple scattering, the radiation field becomes more and more isotropic, thus losing much of the angular form of the original phase matrix.
In the following section, the vertical sensitivity of absorption lines discussed in Sect. 2 as well as the size dependence of the measurement through the phase function of the cloud droplets discussed above are used to closely examine the ef- fects of droplet size, cloud height, cloud optical thickness and cloud geometric thickness on the intensity and polarization of scattered light within the O 2 A band.
Atmos

Sensitivity of the O 2 A band to cloud parameters
We use the vector radiative transfer model vSmartMOM (Sanghavi et al., 2014) implementing a corr-k approach similar to that of Hasekamp and Butz (2008 ) using HITRAN 2008 (Rothman et al., 2009 ) spectral data for modeling O 2 Aband absorption. Climatological vertical profiles of temperature and pressure are adapted from the MODTRAN database (MODerate resolution atmospheric TRANsmission; Abreu and Anderson, 1996; Anderson et al., 1986) for the computation of the absorption cross sections. The Stokes vector I = [I, Q, U, V ] (scattered radiance normalized with respect to the solar flux) is computed at a spectral resolution of 0.005 nm over the range 759-770 nm for a nadir-viewing geometry. Hyperspectral simulations are subsequently convolved with a Gaussian slit function of FWHM (full width at half maximum) at 0.04 nm representative of the OCO-2 and GOSAT instruments. The Sun is assumed to be at an angle θ 0 = 60 • from the zenith, and Earth's surface is assumed to be black. Cloud coverage is assumed to be 100 %. 2. a cloud of constant optical thickness, τ cloud = 10, geometric thickness, z = 400 m, and size distribution parameter r 0 = 10 µm, but varying cloud top heights z top as shown in Fig. 6 ; and 3. a cloud of constant optical thickness, τ cloud = 10, geometric thickness, z = 400 m, and cloud top height z top = 6.4 km, but varying cloud median droplet radii r 0 as shown in Fig. 7 .
Figures 6, 7 and 5, each show simulated measurements of the reflected intensity I and the Stokes parameter Q (U = V = 0 in a nadir-viewing geometry) in the top and bottom panels, respectively, with each quantity plotted against wavelength on the left and total column absorption on the right. The dependence of both I and Q on τ abs,0 is expected to be monotonic. Deviations from the monotonicity are observed primarily because of convolution, which causes a spread of absorption strength from the individual lines to the neighboring wavelengths. A weaker role is played by the vertical variation of absorption cross section of O 2 , which disturbs a 1 : 1 relationship between the total column absorption strength and the measured value of I or Q.
For a given absorption strength, in general, higher reflected intensities I are indicative of higher isotropicity of the single scattering phase function and/or increased single/multiple scattering. In contrast, the polarization signal Q is only sensitive to the first few orders of scattering undergone by the incident flux (Schutgens et al., 2004) . Q = I h − I v becomes increasingly diminished for higher orders of scattering due to the blurring of the differences between the components I h and I v . This is because each new scattering event involves a different scattering plane and, consequently, a different rotation of the scattering matrix according to Hovenier (1971) . 
Sensitivity to cloud optical thickness
The upper left panel of Fig. 5 shows that the greatest difference between the pure molecular (dashed black line) and cloudy atmospheres is the increase in reflected intensity, attributable to increases in both single and multiple scattering at all column absorption strengths, as can be verified in the upper right panel. The reflected intensity due to the WLP at z = 6.4 km (solid black line), however, only serves as an upper bound at I = 1/π near τ abs,0 = 0. With increasing τ abs,0 , the reflected intensity reaches a more or less steady level slightly below that due to the cloud of optical thickness τ cloud = 50. This is likely caused by the presence of molecular scatterers above 6.4 km in the cloudy cases, which have not been considered in the WLP case. The upper panels also show that the reflected intensity increases with increasing cloud optical thickness, albeit at a steadily decreasing rate. While the increase in intensity with increasing τ cloud is caused by increases in single as well as (more predominantly) multiple scattering, Q is mainly affected only by the lowest orders of scattering. As a result, we see practically no change in Q beyond τ cloud = 5 after an initial increase due to increasing single scattering. For the geometry considered, Q is bounded below by Rayleigh scattering at all wavelengths, while the WLP has no contribution to Q due to its Lambertian nature.
Sensitivity to cloud height
Similar to the previous case in which varying cloud optical thicknesses were considered, the upper left panel of Fig. 6 shows the reflected intensity I due to clouds of varying heights. Again, the pure molecular case (dashed black line) provides a lower bound, while the WLP at z = 6.4 km is an upper bound at τ abs,0 = 0 (solid black line). The reflected intensity I is seen to show no sensitivity to cloud Atmos. Meas. Tech., 8, 3601-3616, 2015 www.atmos-meas-tech.net/8/3601/2015/
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height at τ abs,0 = 0 but clearly shows a height-dependent response at τ abs,0 > 0. The upper right panel shows that high clouds reflect more than low clouds for a given finite absorption strength, as the former cause more previously unscattered light to be intercepted by cloud droplets, preventing it from penetrating deeper into the atmosphere where it can undergo more absorption due to the higher concentration of O 2 molecules. The response of the WLP (solid black line) at z = 6.4 km falls rapidly from I = 1/π with increasing τ abs,0 and assumes a steady value between that of clouds at z top = 6.4 km (purple) and z top = 8.4 km (blue).
The difference between the response of the WLP and cloud at z top = 6.4 km for finite τ abs,0 can be explained as follows.
1. The white plate is solid with an albedo of 1, reflecting all the light incident on it, while the cloud has a lower albedo, as some of the light incident on it is also transmitted to lower atmospheric layers. As a result, for most geometries, the WLP leads to more reflected intensity than the cloud of optical thickness 10 at the same top height.
2. The cloud has a finite extent (400 m) below its top at 6.4 km, as a result of which some of the light is reflected back at lower atmospheric levels than z top , allowing more absorption. All the light incident on the WLP is reflected at exactly z = 6.4 km, so that no further absorption is possible.
3. The WLP is the only scatterer, whereas there exists molecular (Rayleigh) scattering throughout the atmospheric column in addition to the cloud. This leads to a positive contribution due to both more single and multiple scattering, which however is not sufficient to compensate for the albedo of the WLP for a cloud optical thickness of 10 ( Fig. 5 shows, however, that this contribution is more significant at τ cloud = 50).
While I shows practically no sensitivity to z top in the absence of absorption, the lower left and right panels show a high sensitivity of Q to cloud top height at all τ abs,0 considered in Fig. 6 . Higher clouds shield larger sections of the atmospheric column, reflecting light before it can interact with the molecules below it. As a result, low-order Rayleigh scattering occurs to a lesser extent with increasing cloud height. The relatively strong polarization due to Rayleigh scattering in the given geometry thus gives rise to a significant sensitivity of Q to z top for τ abs,0 ≥ 0.
Sensitivity to cloud geometrical thickness as a function of cloud height
Having seen the effect of moving the same cloud vertically through the atmosphere, it is interesting to investigate the influence of a cloud to changes in its geometric thickness at a given height. To this end, clouds of optical thickness τ cloud = 1 and τ cloud = 10 and median droplet radius r 0 = 5 µm have been considered, each at the six different top heights assumed in Sect. 4.2. The influence of cloud thickness at each of these levels on the reflected Stokes vector parameters I and Q, both for the (optically) thin and thick cloud, is examined by varying the height of the cloud base to yield the geometric thicknesses z = 200 m and z = 600 m. The upper panel of Fig. 8 shows the intensity response of changing the cloud thickness from 200 to 600 m with respect to cloud top height for different total column absorption strengths for, both, the optically thick (solid lines) and thin cloud (broken lines). In the absence of absorption, there is practically no sensitivity to both z and z (red lines coincide with I = 0). For absorbing lines, the response I of optically thick clouds is stronger due to more scattering. At high absorption strengths, I is sensitive to only high clouds (yellow and black lines representing τ abs,0 ≈ 10 and τ abs,0 ≈ 30, respectively). However, for moderate absorption strengths where τ abs,0 5, the sensitivity to cloud geometric thickness attains a maximum at an intermediate cloud height, which increases with increasing absorption strength. The sensitivity of I to z varies with cloud height on two accounts.
Low clouds see a larger gradient of the air mass pro-
file, leading to larger changes with increasing geometric thickness in the amount of both Rayleigh scattering as well as O 2 absorption. This contributes to the higher sensitivity to z for absorbing lines that are not already saturated before the light reaches the low cloud.
2. However, light reflected back by low clouds undergoes more intermediate extinction by overlying atmospheric layers than that coming from higher clouds. This lowers the sensitivity with increasing τ abs,0 .
These two opposing effects cause a maximum sensitivity to geometric thickness at an intermediate absorption strength for most clouds. This optimal absorption strength increases with increasing cloud height. Thus, in the case of the optically thick cloud shown in Fig. 8 , for example, maximum sensitivity of I to cloud geometric thickness occurs near z = 6 km for τ abs,0 ≈ 1 (solid blue line), while an absorption strength of τ abs,0 ≈ 5 (solid violet line) is most sensitive to geometric thicknesses of clouds near z = 8 km.
While the sensitivity of I is larger for the optically thicker cloud, the lower panel of Fig. 8 shows that Q is more sensitive to z for optically thinner clouds. This is not surprising, given that Q depends only on the first few orders of scattering. These occur predominantly only near the cloud top for optically thick clouds, so that light emerging from lower depths of the cloud have practically no effect on Q. For optically thinner clouds, there is enough low-order scattering occurring throughout the vertical extent of the cloud, leading to a higher sensitivity of Q to z.
The red lines in the lower panel of Fig. 8 show that Q increases with increasing z in the absence of absorption. As also explained in Sect. 4.2, this is because scattering at deeper atmospheric layers allows for a larger contribution to Q due to Rayleigh scattering. This effect is reversed by increased extinction at deeper scattering levels in the presence of absorption, so that all the lines considered here with τ abs,0 > 0 lie above Q = 0, except the highest cloud (both optically thin and thick) at z = 12 km at low absorption strength, viz., τ abs,0 ≈ 0.5 (dashed and solid green lines). The sensitivity of Q to z is governed by the same opposing effects as that of I . However, the dependence on only low orders of scattering leads to the emergence of two distinct peaks (the first dominated by more Rayleigh scattering, and the second by scattering due to cloud droplets) in Q with respect to cloud height z for the optically thin cloud at τ abs,0 ≈ 0.5 (dashed green line), τ abs,0 ≈ 1 (dashed blue line) and τ abs,0 ≈ 5 (dashed violet line).
Sensitivity to cloud droplet size
The upper panels of Fig. 7 show limited variation in I due to droplet size, remaining well bound between the lower limit of Rayleigh scattering and an upper limit set by the WLP at 6.4 km.
For non-absorbing wavelengths in the geometry considered here, the dependence on r 0 appears to be limited to the increase in isotropicity (and hence a scattering component at wider angles of scattering) with decreasing droplet size. This also explains the spectral response of Q shown in the lower panels of Fig. 7 . In both cases, the response is strongest in the absence of absorption, and non-linear with respect to droplet size r 0 .
While Fig. 7 shows a weak sensitivity to droplet size at the view geometry considered, the dependence of the phase matrix on particle size, as described in Sect. 3, suggests a greater sensitivity of the angular details of I and Q to r 0 . This information is exploited by multi-angle, polarizationsensitive measurements by instruments like POLDER (Deschamps et al., 1994 , Polarization and Directionality of the Earth's Reflectances;), RSP (Research Scanning Polarimeter; Cairns et al., 1999) , APS (Aerosol Polarimetry Sensor; Peralta et al., 2007) , MSPI (Multi-angle Spectro Polarimetric Imager; Diner et al., 2008) , and the future instrument 3MI (Multi-viewing Multi-channel Multi-polarisation Imager; Manolis et al., 2013) . As noted by Boesche et al. (2009) and Frankenberg et al. (2012) , the target mode of the OCO-2 instrument could allow using the sensitivity of multiangle measurements of I and Q to r 0 through the phase matrix. While the instrument slit remains perpendicular to the principal plane during OCO-2 Nadir and Glint mode observations resulting in measurements of 1 2 (I + Q) over the O 2 A band, Target mode observations depart from the principal plane, resulting in measurements of a linear combination of the Stokes components, 1 2 (I + cos 2φ pp Q + sin 2φ pp U ), that depends on the angle φ pp made by the slit with the principal plane. GOSAT measurements, which are carried out at a view angle that roughly varies between ±35 • , also offer multi-angle capabilities that could be combined with its more comprehensive polarimetric coverage (measuring two orthogonal components I P and I S as introduced in Sect. 1) to obtain more information on cloud droplet size.
The sensitivity of multi-angle sampling of I and Q to cloud droplet size is examined in more detail in the following section.
Angular dependence of the droplet size sensitivity of the O 2 A band
In order to examine the angular dependence of the sensitivity of the O 2 A band to droplet size, we simulate the Stokes components I and Q within the principle plane containing the Sun at a fixed zenith angle of θ 0 = 60 • and nine view zenith angles -θ view = −70.5, −60, −45.6, −26.1, 0, 26.1, 45.6, 60, and 70.5 • -as in the MISR instrument (Multi-angle Imaging SpectroRadiometer; Diner et al., 1998) . Using a non-absorbing wavelength (750 nm) near the A band, simulations of I and Q are made at all nine view angles for optically thin (τ cloud = 1) and thick (τ cloud = 10) clouds. For the optically thin cloud, and lower right panels. The corresponding simulations for the optically thick cloud are depicted in Fig. 11 . Due to the assumption of a common cloud optical thickness in both the thin and thick cloud cases, the discussion of Sect. 3 indicates that the signals I and Q each depend on the size r 0 only through the scattering matrix F(θ scatt ), where the scattering angle θ scatt is related to the view angle θ view as is largely driven by the element F 21 . F 11 and F 21 are related to P h and P v of Fig. 4 such that
As a result of the above dependencies, the angular nature of the size dependence of the measured I and Q, respectively, can be expected to be related to the form of F 11 and F 21 corresponding to the view angles (θ view ), as shown in Fig. 9. 
Angular sensitivity of I to droplet size r 0
It is evident from the left panels of both Figs. 10 and 11 that the intensity of light reflected back by the optically thicker cloud is greater at all angles. In each case, the reflected I due to Rayleigh scattering alone (blue line) is depicted as a reference. In the absence of absorption, the reflectance due to the WLP is simply 1/π at all angles and hence has not been shown.
In both cases, the forward scatter directions (θ view > 0) show higher intensities than backscatter directions (θ view <0), attributable to the strongly asymmetric nature of the cloud phase function which strongly favors scattering in the forward hemisphere (see Fig. 9 , left panel), and the consequently increased multiple scattering observed at scattering angles smaller than 90 • .
The nadir view angle, θ view = 0 • , corresponds in the geometry considered here to a scattering angle θ scatt = 120 • , at which both P h and P v in Fig. 4 as well as F 11 in Fig. 9 can be seen to have diminished sensitivity to droplet size. This sensitivity, however, increases away from θ scatt = 120 • in both directions for F 11 , which drives the angular distribution of the total intensity I . This is reflected in the behavior of I in the vicinity of the nadir view angle for the low cloud optical thickness case in both directions (both θ view 0 and θ view 0) as well as for θ view 0 in the high cloud optical thickness case. At higher |θ view |, however, F 11 alone cannot explain the angular sensitivity of I to r 0 .
For the backscatter angles (θ view <0), the sensitivity to r 0 of the scattered intensities closely resembles the size dependence of the phase function, revealing a largely loworder scattering signal. As a result, this angular range is well suited to the detection of droplet size, with good resolution near the angle of exact backscattering θ scatt = 180 • At larger forward scatter angles (θ view 0), however, the size dependence of the intensity either diminishes with increasing θ view or becomes reversed (diamonds at the top, squares at the bottom). The high order of multiple scattering within the forward peak causes the original size dependence of the scattered signal to be blurred. Smaller droplets (e.g., the smallest r 0 = 5 µm represented by squares) show a more isotropic distribution of light than larger ones (e.g., the largest r 0 = 15 µm represented by diamonds), leading to a greater intensity spread around the forward peak but less concentration within the forward peak for smaller droplets and vice versa.
This "convolution" due to multiple scattering causes the reversal in the size sensitivity at large positive view angles and generally diminished size sensitivity: increasing cloud optical thickness gives rise to more multiple scattering and thus greater mixing of the forward peak at θ scatt = 0 • (stronger for larger droplets) with surrounding angular regions at 0 • θ scatt <90 • (stronger for smaller droplets). These angular regions are represented by the positive view angles of the geometry chosen in this study. As a result, small droplets dominate the scattered signal in the low-order scattering regime due to less mixing between the forward peak and the rest of the angular range, while larger droplets dominate the strongly multiply scattered signal. Intermediate orders of scattering, e.g., at larger positive angles in the thin cloud case, do not show a clear dependence on size.
Angular sensitivity of Q to droplet size r 0
The upper right panels of Figs. 10 and 11 show that, contrary to the case of I , Q is often slightly larger in the case of the optically thin cloud or nearly equal owing to more low-order scattering, especially at the backscatter angles (θ view <0).
Excepting the direction of exact backscatter (where Q = 0), the entire backscatter region (θ view <0) is more sensitive to droplet size than the forward scatter angles (θ view > 0). The strongest resolution of particle size, however, occurs at the rainbow, which can be observed near θ scatt = 146.1 • at θ view = −26.1 • .
As in the case of F 11 for I , the very low values of F 21 (see Fig. 9 ) for all cloud droplet sizes considered here at θ scatt = 120 • , coincident with the nadir view angle θ view = 0 • , makes the nadir Q signal insensitive to droplet size for both the optically thin and thick cloud.
Significance for multi-angular spectropolarimetric remote sensing of cloud microphysics
It is clear that the backscatter region contains information on droplet size, both in the I and the Q components of the Stokes vector. Most of the information in the I signal is contained at the exact backscatter angle (θ scatt = 180 • ), while there is no significant contribution from Q at this angle. In the rest of the glory region (θ scatt 180 • ), however, Q has a significant negative contribution, so that I v = 1 2 (I − Q) would be more sensitive to droplet size than I alone, which in turn would be more sensitive than I h = 1 2 (I + Q). In the rainbow region (θ scatt = 146.1 • , θ view = −26.1 • ), however, Q has a strong positive signal, so that I h = 1 2 (I + Q) would carry maximum information on droplet size compared to I alone or I v = 1 2 (I − Q). In our example, where the Sun is assumed to be at a zenith angle θ 0 = 60 • , the nadir geometry alone would be a relatively poor source of information on droplet size. Multi-angle measurements provide the flexibility to choose geometries that are rich in information, leading to potentially more accurate retrievals.
When the Sun is not close to zenith, the forward-scatter part (θ view > 0) of a multi-angle swath is relatively poor in its ability to provide information on the droplet size of clouds, mainly because the predominant source of the measured signal is multiple scattering. This is also expected for brighter, nearly isotropically reflecting surfaces, even though the simulations shown here have been made for a black surface. The only exception would be a specular surface (like a relatively calm ocean) in the Sun glint region, where the forward peak can be strong enough to retain information on the droplet size (Sanghavi et al., 2013 (Sanghavi et al., , 2014 . Further, it should be noted that the decreasing sensitivity to lower atmospheric layers and the ground surface in the presence of absorption is useful to determine the optical thickness of a cloud even in the absence of sufficient information about the brightness of the ground surface.
5 Distinguishability of the cloud parameters τ cloud , z top and r 0
The previous section dealt with the sensitivity of intensity and polarization to different cloud parameters, treated individually in cases where all other parameters were held fixed. This helped to identify different characteristic sensitivities of I and Q in different parts of the O 2 A band to each of the three main cloud parameters of interest, viz., τ cloud , z top and r 0 . This differential sensitivity, qualitatively summarized in Table 1 can be useful for a simultaneous retrieval of all three parameters in an optimal estimation setup (Rodgers, 2000) , where τ cloud , z top and r 0 form part of the state vector x, with the measurement vector given by hyperspectral measurements of the O 2 A band. Table 1 makes it obvious that polarimetric and multi-angle data would add important information to such a measurement, making it easier to clearly distinguish the different retrieved parameters. Such a study, making use of Jacobian matrices and instrumental noise statistics for quantitative information content and error analyses will be the subject of a follow-up study.
Conclusions
We derive a bivariate sensitivity of light reflected by the O 2 A band to the total atmospheric absorption strength and the height of scattering above the surface. This intrinsic sensitivity, combined with the optical thickness and the droplet size dependence of the phase matrix of a pure water cloud, is shown to determine the characteristic Stokes vector of light reflected back by clouds. We have studied the polarimetric response of the O 2 A band as measured by instruments like GOSAT and OCO-2 to three important cloud parameters, viz., optical thickness, top height and droplet size, by simulating changes in the measured signal with respect to changes in each parameter, with everything else kept constant. We identify the following distinct patterns in the O 2 A-band response to each parameter.
1. For optically thick clouds, the intensity I was sensitive to the cloud optical thickness, but Q showed negligible sensitivity, both for strong and weak absorption.
2. In the absence of absorption, there is no sensitivity of I to cloud height, while Q shows maximum sensitivity. In the presence of absorption, both I and Q are sensitive to the height of the cloud.
3. The sensitivity to cloud droplet size is dependent on the scene geometry, with maximum sensitivity for both I and Q at non-absorbing wavelengths.
These distinct responses to the three parameters can be expected to help identify the contributions of each to a measurement. This suggests that it should be possible to carry out simultaneous retrievals of these parameters from polarimetric hyperspectral measurements using methods like optimal estimation. The dependence of the sensitivity of I and Q to cloud geometric thickness on cloud top height and total atmospheric absorption has also been examined. Our study suggests that maximum sensitivity to cloud height occurs at stronger atmospheric absorption as the cloud top height increases.
Since the sensitivity of measurements to droplet size were found to be strongly dependent on scene geometry, it is proposed to use multi-angle measurements such as those available from the Target mode for OCO-2 to better constrain the cloud droplet size. The best sensitivity to droplet size was obtained for measurements of I at and near the exact backscatter angle followed by the rainbow region. For Q, maximum sensitivity was obtained near the rainbow at a scattering angle of ∼ 146 • , followed by angles close to but not including the exact backscatter direction.
